Introduction
14-3-3 proteins constitute a family of highly conserved regulatory molecules expressed abundantly throughout development and in adult tissue. These proteins comprise seven distinct isoforms (b, z, e, g, Z, t and s), which bind a multitude of functionally diverse signalling molecules to control cell cycle regulation, proliferation, migration, differentiation and apoptosis. [1] [2] [3] [4] [5] Linkage and deletion analyses have implicated defects of the 14-3-3 protein family in a variety of genetically heterogeneous and neurological disorders, including epilepsy, 6 bipolar disorder, 7, 8 autism, 9 mental retardation 10 and lissencephaly (LIS). 3 Their association to schizophrenia and other related complex neuropsychiatric disorders has been a particular focus in recent years. 3, 7, [11] [12] [13] Among the 14-3-3 proteins, 14-3-3z is the most likely candidate risk factor as it is downregulated in post-mortem brain samples at the mRNA level 7, 13 and is one of only 24 proteins downregulated across multiple neuroproteomic studies on schizophrenia patient samples. [14] [15] [16] Furthermore, significant linkage to 14-3-3z has been identified through analysis of single-nucleotide polymorphisms from control and schizophrenia patients. 17 However, the pathological role of 14-3-3z deficiencies in the aetiology and symptomotology of schizophrenia is currently unknown.
Schizophrenia is a complex psychiatric disorder that is believed to arise from neurodevelopmental defects in neuronal migration and synapse formation. 18, 19 Despite intensive genome-wide association studies, 20, 21 the vast majority of the underlying molecular defects remain unknown. Indeed, owing to its complex genetic nature, schizophrenia demonstrates a high degree of non-Mendelian inheritance 20 and is considered a prototypic complex trait arising from deficiencies in the synapse.
In addition to the 14-3-3 family, genetic analysis has identified several other risk factors for schizophrenia. 19, 21 Of the candidate factors identified to date, the DISC1 gene is the most replicated among independent linkage studies 22 and is interrupted by a balanced t(1;11)(q42.1;q14.3) translocation in a large Scottish family with a predominance of schizophrenia symptomatology. 23 DISC1 lacks intrinsic enzyme activity but instead exerts its functions as a protein scaffold by interacting with multiple proteins. Identification of these dynamic interactions has been used to define biological pathways perturbed in schizophrenia. Indeed, interactions with multiple partners involved in neuronal migration, neurite outgrowth, cytoskeletal dynamics and signal transduction, such as LIS1, NudeL 1 (Ndel1), Grb2 and FEZ1 have allowed the biological functions of DISC1 to be identified. 24, 25 Accordingly, DISC1 is a key molecule in pathological brain dysfunction.
Here, we have investigated the function of 14-3-3z in neurodevelopment and higher order brain function in mice, 14-3-3z knockout mice display striking neurobehavioural deficits in spatial learning and memory, locomotor hyperactivity and sensorimotor gating. We show that these deficiencies arise, at least in part, from aberrant development of the hippocampus. Thus, migration defects of pyramidal cells and granular neurons are accompanied by misrouting of dentate mossy fibres and abnormal synaptic input on pyramidal neurons. Importantly, we show for the first time that 14-3-3z interacts with DISC1 in an isoform-specific manner. Together, our data suggest that 14-3-3z forms a higher order complex with mNudE (Ndel1), LIS1 and DISC1 to control development of the hippocampus by coordinating neuronal migration, axonal pathfinding and synapse formation. In the absence of 14-3-3z, mouse mutants phenocopy several schizophrenia traits, including abnormal neuronal positioning and disrupted organization of glutamatergic synapses. 22, 26, 27 Our data show a direct role for 14-3-3z deficiencies in the aetiology of neurodevelopmental disorders and implicate 14-3-3z as a central risk factor in the schizophrenia protein interaction network.
Subjects and methods

Mice
14-3-3z
Gt(OST062)Lex and 14-3-3z Gt(OST390)Lex mutant mice carrying gene trap constructs that contain the bGeo reporter gene were derived from Lexicon Genetics ES cell lines OST062 and OST390, respectively. The gene trap vector in 14-3-3z Gt(OST062)Lex mice inserted into the first intron of 14-3-3z, whereas the gene trap vector in 14-3-3z Gt(OST390)Lex mice inserted into the second intron of 14-3-3z. ES cell lines were amplified and injected into SV129 blastocysts. Resulting germ line transmitting males were either maintained in the SV129 background or backcrossed in to the C57/Bl6 and BALBC backgrounds over six generations. Quantitative reverse transcriptase-PCR and western blot from whole tissue samples was used to confirm complete knockout of the gene in these mouse strains. 14-3-3z Genotype was determined by PCR amplification of genomic tail DNA using the primers detailed in Supplementary General health and basic sensorimotor characteristics General physical attributes and basic sensorimotor characteristics of all animals were evaluated as previously described. 28, 29 In brief, at the time body weight was measured, the appearance of fur and body posture were also examined. Vision was tested by placing mice on a visual cliff apparatus and by testing the ability of mice to stretch their arms to the surface on being lowered from a 30 cm height. Olfaction was tested by the ability to locate buried cat food pellets in a clean cage in under 2 min. Balance was tested by the ability to remain standing in a shaking cage. Self-righting was tested by the ability to immediately return to a standing position after being placed on their back. Eye blink, ear twitch and whisker orientation were tested by touching the eyeball, ear or whiskers with a cotton swab. The wire-hang test was completed by placing mice on a wire cage lid and measuring the latency to fall after being inverted and held 15 cm above fresh bedding (maximum time of 60 s). All mice exhibited the existence of each sensorimotor ability and were therefore used in further behavioural analyses.
Behavioural assays
All procedures were carried out under normal light conditions (60-100 Lux) between 0800 and 2400 hours. Behavioural phenotyping was performed on the 14-3-3z 062 line as previously described. [30] [31] [32] One cohort of mice was used for the open field test at ages of 5-, 10-, 20-and 40-week time points (11 WT, 6 male and 5 female; 11 Mut, 6 male and 5 female). One cohort of mice was used at the age of 12 weeks for spatial working memory, then elevated plus maze and object recognition tasks (12 WT, 8 male and 4 female; 12 Mut, 8 male and 4 female). A separate cohort of mice was used at the age of 12 weeks for prepulse inhibition (PPI) (11 WT, 5 male and 6 female; 11 Mut, 5 male and 6 female).
Locomotor function test
Exploratory activity and anxiety level of mice were measured in an open field made from a box (50 cm Â 27 cm) with the floor divided into 15 separate areas (9 cm Â 10 cm). Each mouse was introduced in to the same position of the box facing the right top corner. The behaviour of the mouse was observed for 3 min and locomotor activity was scored as a measure of line crossings (that is, when a mouse removed all four paws from one square into another). Number of rears up was scored when a mouse had both front paws off the floor. Urine and faecal material were removed between session and the box was cleaned thoroughly with 80% ethanol to remove any lingering scents.
Object recognition test
The object recognition task takes advantage of the natural affinity of mice for novelty; mice that recognize a previously seen (familiar) object will spend more time exploring novel objects. 33, 34 Briefly, the apparatus consisted of a plastic arena (length; 50 cm, width; 35 cm, depth; 20 cm) with fresh bedding 1-2 cm deep. Two different sets of objects were used; a yellow-capped plastic jar (height, 6 cm; base diameter, 4.3 cm) and a blue plastic bulb (length: 8 cm, width: 4 cm). Mice spent equal amounts of time when presented with both of these objects, regardless of the position they were placed in the arena (data not shown). At 12 weeks of age, the same cohort of mice tested for spatial learning and memory were assessed for object recognition memory. Each mouse was given 5 min to explore the test box without any objects present to habituate them to the test arena. Mice underwent the testing session comprised of two trials. The duration of each trial was 3 min. During the first trial (the sample phase), the box contained two identical objects (a, samples), which were placed in the north-west (left) and northeast (right) corners of the box (5 cm away from the walls). A mouse was always placed in the apparatus facing the south wall. After the first exploration period, mice were placed back in their homecage. After a 15-min retention interval, the mouse was placed in the apparatus for the second trial (choice phase), but now with a familiar (a, sample) and a novel object (b). The objects were cleaned thoroughly with alcohol between sessions to remove any lingering scents. The time spent exploring each object during trial 1 and trial 2 was recorded. Exploration was defined as either touching the object with the nose or being within 2 cm of it. The basic measures in the object recognition task were the times spent exploring an object during trial 1 and trial 2. Several variables were measured during the tests: e1 (a þ a) and e2 (a þ b) are measures of the total exploration time of both objects during trial 1 and trial 2, respectively. h1 is an index of habituation measured by the difference in total exploration time from trial 1 to trial 2 (e1 -e2). d1 (b -a) and d2 (d1/e2) were considered as index measures of discrimination between the novel and the familiar objects. Thus, d2 is a relative measure of discrimination that corrects d1 for exploratory activity (e2). A discrimination index above zero describes animals exploring the novel object more than the familiar object. An animal with no preference for either object will have an index near zero. 32, 35 Elevated cross-bar test The anxiety behaviour of mice based on their natural aversion of open and elevated areas was assessed using an elevated plus maze as previously described. 36, 37 Briefly, the apparatus was made in the shape of a cross from black plexiglass and consisted of two open arms (25 cm Â 5 cm) and two closed arms (25 cm Â 5 cm Â 16 cm) that crossed in the middle perpendicular to each other. In the middle of the two arms, there was a central platform (5 cm Â 5 cm). The cross-maze was raised 1 m from the ground. Individual mice were introduced to the centre of the apparatus facing the open arm opposite to the experimenter and observed by video recording for 5 min. The number of entries into the open and closed arms and the time exploring both types of arm were scored. Naturalistic behaviour of the mouse such as the number of head dipping, number of rearing and number of stretch-attended postures were measured. After each trial, all arms and the central area thoroughly cleaned with alcohol to remove any lingering scents.
Escape water maze test Spatial learning and memory was assessed using a cross-maze escape task as previously described. 30 The cross-maze was made of a clear plastic (length, 72 cm; arm dimensions, length 26 cm Â width 20 cm) and placed in a circular pool of water (1 m diameter) maintained at 23 1C. Milk powder was mixed into the water to conceal a submerged (0.5 cm below the water surface) escape platform placed in the distal north arm of the maze. The pool was enclosed by a black plastic wall (height, 90 cm). Constant spatial cues were arranged at each arm of the maze and by the experimenter who always stood at the southern end during the training and testing procedures. Twelve-week-old mice were individually habituated to the maze environment by being placed into the pool without the escape platform and allowed to swim for 30 s. Learning trials were conducted over a 6-day training period in which mice were required to learn the position of the submerged escape platform from the other three (east, south and west) arms that did not contain an escape platform. Each mouse was given six daily trials (two blocks of three trials separated by a 30-min rest interval), in which each of the three arms were chosen as a starting point in a randomized pattern (twice daily). For each trial, the mouse was placed in the distal end of an arm facing the wall and allowed 30 s to reach the escape platform where it remained for 10 s. Mice that did not climb onto the escape platform in the given time were placed on the platform for 10 s. The mouse was then placed in a cage for 10 s and subsequent trials were continued. Mice were assessed on their long-term retention of the escape platform location, which was placed in the same position as during the learning phase. Memory was tested 14 (M1) and 28 (M2) days after the final day of learning and consisted of a single day of six trials as described for the learning period. Data were recorded for each mouse for each trial on their escape latency (that is, time (s) taken to swim to the platform), number of correct trials (that is, if a mouse found the platform on the first arm entry) and number of incorrect entries/re-entries (that is, the number of times that a mouse went into an arm that did not contain the escape platform).
PPI test
Startle and PPI of startle were assessed using an eightunit automated system (SR-LAB, San Diego Instruments, San Diego, USA) as previously described. 32 Briefly, mice were placed in clear Plexiglas cylinders, which were closed on either side and acoustic stimuli were delivered over 70-dB background noise through a speaker in the ceiling of the box. Each testing session consisted of 104 trials with an average inter-trial interval between 25 s. The first eight and last eight trials consisted of single 40-ms 115-dB pulse alone startle stimuli. The middle 88 trials consisted of pseudorandomized delivery of two blocks of 8 115-dB pulsealone stimuli, 8 trials during which no stimulus was delivered and 64 prepulse trials. The total of 32 115-dB pulse alone trials, 8 before prepulse testing, two blocks of 8 mid test and 8 after testing were expressed as four blocks of eight. Prepulse trials consisted of a single 115-dB pulse preceded by a 100-ms inter-stimulus interval with a 20-ms non-startling stimulus of 2, 4, 8 or 16 dB over the 70-dB baseline. Whole-body startle responses were converted into quantitative values by a piezo-electric accelerometer unit attached beneath the platform. Percentage PPI (%PPI) was calculated as pulse-alone startle responseÀprepulse þ pulse startle response/pulse-alone startle response Â 100.
Statistical analysis
All statistical calculations are presented as mean ± s.e.m. and were performed using SAS Version 9.2 (SAS Institute, Cary, NC, USA). For open field data, the number of line crossings were compared across the WT and mutant groups and over time using a linear mixed effects model. A random mouse effect was included in the model to account for the dependence in repeated observations from the same mouse. Data from the elevated cross-bar were compared between WT and mutants using an independent samples t-test. For the water cross-maze test, escape latency was compared between the two treatment groups and over time using a Cox proportional hazards model. Robust variance estimation was used in the model to adjust for the dependence in results because of repeated measurements on the same mouse. In the model group (WT or knockout), time (days 1 to 6) and the interaction between group and time were entered as predictor variables. Escape latency was considered right censored at 30 s when a mouse had yet to find the exit. In our study, there were too many animals with an escape latency censored at 30 s to be able to treat the outcome as being normally distributed. Thus, it was not feasible to use a linear mixed effects model. Incorrect entries were compared between WT and mutant groups and over time using a negative binomial regression model. In the model group (WT or knockout), time (days 1 to 6) and the interaction between group and time were entered as predictor variables. A generalized estimating equation was used to account for the dependence in results because of repeated measurements on the same mouse. Data from the PPI tests were compared using two-way analysis of variance with repeated measures (Systat, version 9.0, SPSS software; SPSS, Armonk, NY, USA). For this analysis, the between-group factor was genotype and the within group, repeated-measures factors were prepulse intensity and startle block. In all studies, a P-value of < 0.05 was considered to be statistically significant.
Histology and immunohistochemistry
For all anatomical analyses, postnatal mice were perfuse fixed with fresh 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline as previously described. 38 Brains were rapidly dissected free from other tissue and post fixed in 4% PFA for an additional 24 h at 4 1C. Embryos were dissected from CO 2 euthanized dams and fixed in 4% PFA overnight at 4 1C. Tissue was cryopreserved in 20% sucrose at 4 1C overnight and frozen in Tissue-Tek O.C.T. (Sakura Finetek, Torrance, CA, USA). Sections were cut at a thickness of 10-12 mm on a CM1850 cryostat (Leica, Wetzlar, Germany) and air-dried for 60 min before staining.
For Nissl staining and visualization of b-galactosidase activity, we followed previously reported methods. 39, 40 For immunohistochemistry, sections were blocked in 10% non-immune horse serum in PBST (0.1 M phosphate-buffered saline, 0.3% Triton X-100, 1% bovine serum albumin) for 1 h at RT and subsequently incubated with primary antibodies overnight at RT. Primary antibodies and dilutions: rabbit polyclonal to 14-3-3z (1:200), 41 rabbit polyclonal to b-tubulin (1:250, Sigma, St Louis, MO, USA), rabbit polyclonal to calbindin-D28K (1:1000, Chemicon, Billerica, MA, USA), mouse monoclonal to NeuN (1:500, Chemicon) and rabbit polyclonal to synaptophysin (1:100, Cell Signaling, Danvers, MA, USA). On the following day, sections were incubated with 1:200 dilution of Alexa Fluor-labelled secondary antibodies (Molecular Probes, Carlsbad, CA, USA) for 1 h at RT. After three washes in 0.1 M phosphatebuffered saline, the sections were mounted in Prolong Gold antifade reagent with 4,6-diamidino-2-phenylindole (Molecular Probes).
BrdU-pulse-chase analysis and TdT-mediated dUTP nick end labelling BrdU was injected at 100 mg g -1 of body weight of pregnant mice at 14.5 or 16.5 days post-coitum (d.p.c.) and the pups were perfuse fixed with 4% PFA at postnatal day 7. Final destination of the proliferating hippocampal neurons that were born at these time points were revealed by BrdU immunohistochemistry on frozen brain sections as discussed above. Tissue was denatured with 2 M HCl for 20 min at 37 1C, neutralized in 0.1 M borate buffer (pH 8.5) for 10 min, blocked with 10% horse serum in PBST and probed with rat monoclonal anti-BrdU (1:250; Abcam, Cambridge, UK) and mouse monoclonal anti-NeuN (1:500; Chemicon) antibodies overnight at 4 1C. Cell apoptosis was determined by the TdT-mediated dUTP nick end labelling assay using the In Situ Cell Death Detection Kit (TMR Red; Roche Applied Science, Castle Hill, NSW, Australia) according to the manufacturer's instructions followed by counterstained with 4,6-diamidino-2-phenylindole (Molecular Probes).
Image analysis
Low-resolution images were recorded on an SZX10 stereo microscope (Olympus, Mt Waverley, VIC, Australia) equipped with a Micropublisher 3.3 digital camera (Q-Imaging, Surrey, BC, Canada) and processed with OpenLab 2.2 software (Improvision, Perkin Elmer, Waltham, MA, USA). High-resolution images were recorded on an IX81 inverted microscope (Olympus) equipped with an OCRA-ER digital CCD camera (Hamamatsu, Hamamatsu City, Japan) and processed with CellR software (Olympus). All Figures were constructed in Adobe Photoshop CS3 (Adobe Systems, San Jose, CA, USA).
Immunoprecipitation
All protein extracts were prepared by lysis in NP40 lysis buffer composed of 150 mM NaCl, 10 mM TrisHCl (pH 7.4), 10% glycerol, 1% Nonidet P-40, and protease and phosphatase inhibitors (10 mg of aprotinin per ml, 10 mg of leupeptin per ml, 2 mM phenylmethylsulfonyl fluoride and 2 mM sodium vanadate). Samples were lysed for 60 min at 4 1C, then centrifuged at 10 000 g for 15 min. The supernatants were precleared with mouse immunoglobulin-coupled sepharose beads for 30 min at 4 1C. The precleared lysates were incubated for 2 h at 4 1C with 2 mg ml -1 of either anti-DISC1 antibody (C-term) (Invitrogen, Carlsbad, CA, USA) or anti-14-3-3 antibody (3F7 Abcam) absorbed to protein A-sepharose (Amersham Biosciences, Amersham, UK). The sepharose beads were washed three times with lysis buffer before being boiled for 5 min in sodium dodecyl sulphate-polyacrylamide gel electrophoresis sample buffer. The immunoprecipitated proteins and lysates were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, and electrophorectically transferred to a nitrocellulose membrane and analysed by immunoblotting.
Immunoblotting
The membranes were probed with either anti-14-3-3z EB1 pAb at 1:1000 41 or anti-DISC1 (C-term) (Invitrogen) at 1 mg ml -1 . For analysis of 14-3-3z from brain tissue, rabbit polyclonal against the b-actin (1:5000, Millipore, Billerica, MA, USA) was used as a loading control. Bound antibodies were detected with horseradish peroxidase-conjugated secondary antibody (1:20 000, Pierce-Thermo Scientific, Waltham, MA, USA). Immunoreactive proteins were visualized by ECL (Luminescent Image Analyzer LAS-4000, Fujifilm, Japan). The images were analysed with Multi Gauge Ver3.0 (Fujifilm, Tokyo, Japan).
Neuronal cell cultures P7 hippocampi neuron-glial cocultures were prepared as described. 42 Nitric acid-treated coverslips (diameter 13 mm) were coated with 100 mg ml -1 poly-L-lysine (Sigma) in borate buffer overnight at 37 1C, and were then washed with sterile water three times for 1 h each. Dentate gyri and cornu ammonis (CA) samples were dissected and dissociated in Hank's balanced salt solution and neurons were plated at a density of 1 Â 10 5 cells per 60 mm culture dish containing four poly-L-lysine-coated coverslips. Cultures were incubated for 7 and 14 days in vitro for neurite outgrowth assay. Cells were fixed in 4% PFA for 1 h, preincubated in 10% non-immune horse serum in PBST (0.1 M phosphate-buffered saline, 0.1% Triton X-100, 1% bovine serum albumin) for 1 h at RT and incubated overnight at 4 1C with primary antibodies against mouse monoclonal MAP2 (1:200, Millipore) and 14-3-3z (1:1000). The coverslips were then incubated with a 1:200 dilution of Alexa Fluor secondary antibodies (Molecular Probes) for 1 h at RT. Coverslips were mounted with anti-fade 4,6-diamidino-2-phenylindole (Molecular Probes).
Results
14-3-3z mutant mice display behavioural and cognitive defects 14-3-3 proteins are abundantly expressed in the developing and adult brain. 1, 43 To ascertain the role of 14-3-3z in neurodevelopment and brain function, we generated two knockout mouse lines from embryonic stem cell clones containing retroviral gene-trap insertions within intron 1 or 2, termed 14-3-3z
Gt(OST062)Lex and 14-3-3z
Gt(OST390)Lex , respectively (Supplementary Figure S1 ; Lexicon Genetics). Quantitative reverse transcriptase-PCR and western blot on embryonic and adult brain tissue from heterozygous intercrosses confirmed that the gene trap vectors disrupted gene transcription and created null alleles (Supplementary Figure S2) . We therefore refer to these mutant lines as 14-3-3z 062 þ /À and 14-3-3z 390 þ /À . Unlike deletions of other 14-3-3 isoforms, 44 our expression analysis further determined that removal of 14-3-3z is not compensated by increased expression of other 14-3-3 family members in mutant mice (Supplementary Figure S3) . Inter crosses of 14-3-3z heterozygous mice from both strains gave rise to homozygous mutants in the predicted Mendelian ratio at birth (WT 23%, Het 56%, Mut 21%; n = 494, P < 0.001) indicating that removal of the gene is not embryonic lethal. Initial inspection of mutant embryos and newborn mice suggested that development proceeded normally as they were morphologically indistinguishable from their littermates. However, by P14 mutant mice from both lines showed growth retardation and by P21 around 20% of mutant mice had died (WT 29%, Het 54%, Mut 17%; n = 1619). The remaining mutant mice were smaller than WT littermates but had similar life expectancy (P100; WT 24.55±1.7 g, Mut 19.73 g±2.5 g). Mutant mice appeared outwardly normal and healthy with no significant differences in sensorimotor abilities as determined by tests for olfaction, vision, balance and self-righting, eye blink, ear twitch, whiskerorientation and neuromuscular strength (summarized in Supplementary Table S2) .
A specific single-nucleotide polymorphism within the first intron of 14-3-3z has previously been implicated in schizophrenia and bipolar disorder. 7, 17 To definitively analyse the association of 14-3-3z with neurological disorders and brain functions, we completed a series of behavioural tests on mutant and control mice. We first evaluated the response of 14-3-3z 062À/À mice to an open field environment. Mutants showed a significant increase in distance travelled over the test period that was maintained throughout all testing ages (5, 10, 20 and 30 weeks), indicating that mutant mice are hyperactive ( Figure  1a ). Hyperactivity was similar for both males and females with no sex bias (P > 0.05). Rear-ups were not significantly different between genotypes (14-3-3z 062 þ / þ , 11.0 ± 2.9%; 14-3-3z 062À/À 10.0 ± 2.5%). We then exploited the mouse's natural exploratory preference of novel objects rather than familiar objects to test recognition memory. Correct functioning of the perirhinal cortex in the medial lobe is essential for this task. 33, 34, 45, 46 In the sample phase, mice spent an equal time exploring each identical object (14-3-3z 062 þ / þ , 50.82 ± 1.2%; 14-3-3z 062À/À , 49.18 ± 1.2%).
When presented with a familiar and new object, 14-3-3z 062À/À mice exhibited impaired novel object recognition compared with controls over the test period (d1 for 14-3-3z 062 þ / þ , þ 4.92±2.5; 14-3-3z 062À/À , À3.85±2.9; P < 0.05). Consistent with a lack of preference between the familiar and novel objects, 14-3-3z 062À/À mice had a reduced discrimination index (time exploring novel objectÀtime exploring familiar object/time exploring novel object þ time exploring familiar object) indicating that they failed to retain new information (d2 for 14-3-3z 062 þ / þ , 0.1667 ± 0.086 s;
14-3-3z 062À/À , À0.0569 ± 0.047 s; P < 0.05). Once again, there were no sex differences in either phase of testing (P > 0.5). Notably, 14-3-3z 062À/À mutants also demonstrated hyperactivity in the object recognition test with longer exploratory times in both phases of the trial (sample phase, 14-3-3z 062 þ / þ , 27.33±2.7 s; 14-3-3z 062À/À , 38.62±4.1 s; P < 0.05: test phase, 14-3-3z 062 þ / þ , 24.58 ± 3.1 s; 14-3-3z 062À/À , 50.77 ± 4.7 s; P < 0.0001). The elevated plus maze is widely used to test anxiety behaviour of rodents. 36, 37, 47 When placed in such a test, 14-3-3z 062À/À mice also demonstrated increased activity compared with WT controls. 14-3-3z 062À/À mice had 25.23 ± 1.76 transitions between cross-arms during a 5-min test period while 14-3- 062 þ / þ mice (filled bars; n = 11; 5 male and 6 female) the 14-3-3z 062À/À mice (open bars; n = 11; 5 male and 6 female) have reduced prepulse inhibition (PPI) with a prepulse (PP) of 2, 4, 8 and 16 dB over the 70 dB baseline and an inter-stimulus interval of 100 ms. The average (Avg) of data from all PP intensities is also shown. Data from male and female mice are pooled in all graphs. Error bars are presented as mean±s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001. with 14-3-3z 062 þ / þ mice (31.4±6.0 s, P < 0.0001), entered them more often (14-3-3z 062 þ / þ , 4.6 ± 0.6; 14-3-3z 062À/À , 15.5 ± 1.7; P < 0.0001), head dipped more (14-3-3z 062 þ / þ 19.6±1.5; 14-3-3z 062À/À , 33.4±2.4; P = 0.0041) and had fewer stretched attend postures (14-3-3z 062 þ / þ 15.07 ± 1.3; 14-3-3z 062À/À , 9.31±1.4; P = 0.005) suggesting that they had lower levels of anxiety.
We next examined spatial working memory-dependent learning using a cross-maze escape task. 31 Appropriate signalling between the hippocampus and prefrontal cortex are a prerequisite for acquisition of this task. Mice were trained over 6 days to identify the correct arm of a cross-maze containing a submerged escape platform. Each arm of the cross-maze was denoted by a novel visual cue throughout the experiment. Although some 14-3-3z 062À/À mice learnt to identify the correct arm, they showed increased latency in reaching the platform over the course of the acquisition period (Supplementary Figure S4 ; w 2 (5) = 29.8808; P < 0.0001) and had significantly decreased arm choice accuracy (Figure 1c : incidencerate ratio = 0.52; P < 0.0001). Their ability to remember the correct cross-arm was then tested by resting them for 14 days or 28 days post acquisition followed by re-testing in the escape platform water maze (M1 and M2, respectively). In comparison with the learning phase, 14-3-3z 062 þ / þ mice showed no change in escape latency (hazard ratio = 1.18, P = 0.3831), while 14-3-3z 062À/À demonstrated significantly increased escape latency (Supplementary Figure S4: hazard ratio = 2.98, P < 0.0001). Consistent with dysfunction in hippocampus-dependent memory, mutant mice also had a significant decrease in arm choice accuracy (Figure 1c : incidence-rate ratio = 0.231; P < 0.0001). All cognitive defects were independent of sex.
Defects in sensorimotor gating are an endophenotype of neuropsychiatric disorders such as schizophrenia and related disorders. Appropriate signalling in the hippocampus and other brain regions are essential for this filtering mechanism. To determine if 14-3-3z mutant mice have abnormal sensorimotor gating, we assessed PPI of the acoustic startle reflex. We found that 14-3-3z 062À/À mice had a significantly lower PPI (Figure 1d 062 þ / þ mice. Increasing levels of prepulse intensities caused similar increases in PPI in WT and mutant mice (Figure 1d) . Overall, startle amplitudes were reduced in mutant mice (Supplementary Figure S5 ).
14-3-3z is expressed in hippocampal neurons to control lamination
To determine if the cognitive and behavioural deficits arise, at least in part, from neurodevelopmental defects of the hippocampus, we analysed the role of 14-3-3z in neuronal development. Hippocampal neurons derive from the neuroepithelium along the ventricular zone (NE v ) and from a restricted area of neuroepithelium adjacent to the fimbria (NE f ) 48 ( Figure 2a) . At 14.5 d.p.c., 14-3-3z immunostaining was detected in migrating hippocampal neurons within the intermediate zone, but not in their neuroepithelial precursors (Figure 2bi) . By P0 14-3-3z immunostaining was also detected in pyramidal cells of the hippocampal proper/CA (Figure 2biii ). Taking advantage of the b-geo transgene within the gene trap vectors of the 14-3-3z mouse lines we monitored endogenous expression of 14-3-3z with b-galactosidase staining in heterozygous mice. Consistent with immunostaining, we identified expression of 14-3-3z at the transcript level in migrating CA neurons (unpublished data). In addition, expression within CA and dentate gyrus (DG) neurons was detected into late adulthood (Figure 2c) . Unexpectedly, however, 14-3-3z was undetectable in other regions of brain, such as the cerebellum, after early postnatal stages (Supplementary Figure S6) . Expression within CA and DG neurons was confirmed by western blot of protein extracted from microdissected adult hippocampi (Figure 2d ). This also confirmed complete removal of the protein from these brain regions of 14-3-3z 062À/À mice. Finally, after 10 days in vitro, hippocampal MAP2-positive neuronal cultures also showed punctate immunocytostaining for 14-3-3z within the cell body and axon/dendrites ( Figure 2e) . As 14-3-3z is expressed in hippocampal neurons, we next examined if CA and DG neurons are positioned correctly in adult and embryonic mutants. Nissl-staining of 14-3-3z 062À/À mice revealed developmental defects first noticeable before hippocampal maturation (5/5 at P0, 4/4 at P7, 2/2 at P28 and 2/2 at P56; Figure 3a and Supplementary Figure S7) . Specifically, pyramidal neurons were ectopically positioned in the stratum radiatum and stratum oriens in addition to their usual resting place of the stratum pyramidale. Within the CA3 subfield, pyramidal neurons split in to a bilaminar stratum instead of a single cell layer. Dentate granule neurons were also diffusely packed in the 14-3-3z 062À/À mice compared with 14-3-3z 062 þ / þ littermates. Consistent with Nissl staining, our analysis of hippocampal organization in thy1-YFP mice also revealed a disrupted laminar organization (Figure 3b) . In comparison, laminar organization of other brain regions associated with neuropsychiatric disorders, such as the prefrontal cortex, cingulate cortex, amygdala, thalamus, nucleus accumbens and motor cortex were normal (Supplementary Figure S8) .
We next asked whether the ectopically positioned pyramidal cells developed into mature neurons. In all 14-3-3z 062À/À hippocampi (4/4 pups) ectopic cells were positive for the neuronal marker NeuN (Figure 3c ). Rather than positioning themselves in the deep molecular layer, neurons also matured in the superficial layer of CA3. Together, these data infer that mispositioned cells in the hippocampus form functional pyramidal and granular neurons. Additionally, TdT-mediated dUTP nick end labelling staining of hippocampi from embryonic, early postnatal and adult mice showed no apparent differences between genotypes (Supplementary Figure S9) suggesting that lack of 14-3-3z does not affect neuronal viability.
14-3-3z-deficient mice display hippocampal neuronal migration defects
The expression of 14-3-3z within the intermediate zone at 14.5 d.p.c. and the presence of mature neurons in the superficial layer at P0 raised the possibility that the aberrant laminar structure may arise from erroneous migration. To visualize neuron migration in the hippocampus, we completed BrdU birthdating by injecting BrdU into pregnant dams from heterozygous 14-3-3z 062 crosses at 14.5 and 16.5 d.p.c. 14-3-3z
062 þ / þ and 14-3-3z 062À/À pups were collected at P7 and BrdUretaining cells were identified in coronal sections. Sections were counterstained with 4,6-diamidino-2-phenylindole to identify separate layers of the hippocampus. BrdU-retaining cells were counted from 10 mm sections using five mice of each genotype and the relative percentage in each layer was quantified. Both injection time points show that nearly all neurons born in the ventricular zone at 14.5 or 16.5 d.p.c. migrate in to the stratum pyramidale of the CA in control mice (Figure 4) . Strikingly, however, a significant percentage of BrdU-retaining cells were identified outside of the stratum pyramidale in 14-3-3z 062À/À mice. Failure of neurons to migrate from their birthplace or to stop within their correct layer therefore gives rise to the duplicated stratum pyramidale in the 14-3-3z 062À/À hippocampus. In contrast, no migration defects were identified in the cortex (Supplementary Figure S10) .
Functional disrupted mossy fibre circuit and aberrant synaptic terminals in pyramidal cells in 14-3-3z-deficient mice Communication between the CA3 pyramidal neurons and DG granule cells is achieved through precise axonal navigation and synaptic targeting. We first questioned whether misaligned pyramidal neurons affected the hippocampal circuit by performing immunohistochemical staining with anti-calbindin in P0, P7 and P56 hippocampi. In control mice, mossy fibres sprouted from the somata of the granule cells and bifurcated into infrapyramidal mossy fibre and suprapyramidal mossy fibre tracts spanning the stratum pyramidale of CA3 ( Figure 5 ). In 14-3-3z 062À/À mice, the suprapyramidal mossy fibre tract navigated along the apical surface of CA3 pyramidal neurons, however, the infrapyramidal mossy fibre tract was misrouted amongst the CA3 neurons.
We next asked if DG granular cells synapsed on their CA target cells. Using anti-synaptophysin, we identified presynapses in both the infrapyramidal mossy fibre and suprapyramidal mossy fibre of the 062À/À hippocampi, the maturation zone was less uniform with some NeuNpositive mature pyramidal cells ectopically positioned in both the deeper zone (yellow arrowheads) and superficial zone (white arrowheads) of the stratum pyramidale in CA3. In P56 14-3-3-z 062À/À mice, immunostaining for NeuN highlighted pyramidal cells in the duplicated CA3 subfields indicating that ectopic cells achieved maturation (vi). Scale bars: 100 mm.
CA3 subfield in control animals. In 14-3-3z 062À/À mice, misrouted axons also formed aberrant synapses within the stratum pyramidale ( Figure 6 ). Visualization of synaptic boutons by golgi stain further revealed notable differences in synapse formation in CA3. In control animals, large spine excrescences on the proximal region of the apical dendrites were followed by fine-calibre dendritic branches. In pyramidal neurons of 14-3-3z 062À/À mice, the dendritic tree appeared to have similar numbers of branch points but had thorny excrescences from the misrouted mossy fibre tracts on both proximal and distal apical dendrites of all mice examined.
To identify the molecular pathways employed by 14-3-3z to coordinate neuronal migration and axonal pathfinding, we performed co-immunoprecipitation experiments on whole brain extracts from P7 mice. We found that 14-3-3z could be coimmunoprecipitated with an antibody raised to the C-terminus of DISC1. Vice versa, we also found that DISC1 could be co-immunoprecipitated with an antibody recognizing 14-3-3z (Figure 7) . Surprisingly, our data indicate that 14-3-3z interacts specifically with the 75 kDa form of DISC1 rather than the 100 kDa full-length protein, suggesting that DISC1 functions in an isoform-specific manner in neurodevelopment.
Discussion
Neuropsychiatric diseases represent a group of highly heritable disorders that have severe consequence for afflicted individuals. Schizophrenia, in particular, is a devastating mental illness affecting approximately 1% of the population and is characterized by debilitating psychoses and cognitive dysfunction. 49 Recent advances in the neurobiology of schizophrenia provide resounding evidence of a neurodevelopmental origin and highlight disturbances of neuronal migration, neurite formation and synaptogenesis as key aetiological factors. 50 Such a notion has been derived from advanced neuroimaging studies showing anatomical defects in several brain areas, in particular the hippocampus and prefrontal cortex where neuronal positioning, dendrites and synapses are altered. 51 Although most of the underlying molecular defects giving rise to schizophrenia remain unknown, DISC1 presents a highly probable risk factor as it is consistently replicated across multiple independent linkage studies. Compelling genetic evidence for DISC1 as a risk factor was initially obtained from the identification of a balanced translocation disrupting DISC1 in a large Scottish family with psychiatric illnesses, including schizophrenia.
23 DISC1 interacts with a wide range of proteins involved in neurodevelopment, such as Ndel1 and LIS1, to control neuronal migration, axonal guidance and neuronal plasticity. 52 Identification of these interactions provided strong support for the neurodevelopmental origin of schizophrenia.
Linkage and deletion analysis also implicate the 14-3-3 family of proteins as candidate risk factors for schizophrenia. Of particular note, 14-3-3z is consistently found to be downregulated at both the transcript and protein level in schizophrenia brain samples.
15 Furthermore, at the molecular level 14-3-3z is known to interact with Ndel1 and LIS1, 3 although no interaction with DISC1 has so far been reported. Given the well documented role of 14-3-3z in cytokine signalling [53] [54] [55] our data also connects disruptions of this signalling pathway to neuropsychiatric and neurodevelopmental defects.
In an effort to determine the role of 14-3-3z in neurodevelopment and brain function, we analysed two mutant mouse lines in which we deleted 14-3-3z by gene trapping. Our analysis of these unique animals identified 14-3-3z as a novel risk factor for schizophrenia and related disorders. First, mutant mice had striking behavioural and cognitive defects reminiscent of well-characterized mouse models of schizophrenia, such as DISC1 26 and the Df(16)A mouse model of 22q11-deletion syndrome. 27 These deficiencies were noticed as an increase in locomotor function, inability to recognize novel objects, reduced anxiety to an open environment, severely reduced capacity to learn or remember and abnormal sensorimotor gating. Second, we identified anatomical disturbances of neurons within the hippocampus that likely arise from aberrant neuronal migration. Along with our observation that 14-3-3z is expressed in Figure 5 Abnormal mossy fibre pathways in 14-3-3z-deficient mice. Calbindin immunostaining of the infrapyramidal (IPMF, white arrowheads) and the suprapyramidal (SPMF, yellow arrowheads) mossy fibre trajectories in 14-3-3z 062 þ / þ (i, iii, v and vii) and 14-3-3z 062À/À (ii, iv, vi and viii) mice. Similar to WT controls, 14-3-3z-deficient neurites initially bifurcate into the SPMF and IPMF branches after navigating away from the dentate gyrus (DG). However, the IPMF branch of 14-3-3z 062À/À mice navigated aberrantly among the pyramidal cell somata (sp, white arrows). In addition, the diffuse SPMF branch of 14-3-3z 062À/À mice invaded the duplicated pyramidal cell layer in cornu ammonis (CA)3. Scale bars = 100 mm.
neurons and not their glial scaffold, this suggests that 14-3-3z is an essential component of the cell migratory network. Third, we identified specific axonal navigation defects and abnormal synaptic connectivity of hippocampal mossy fibres that suggest 14-3-3z is also required within the developing axon to mediate glutamatergic synapse formation. This was a striking
finding not yet described in other neurodevelopmental models of schizophrenia and consistent with schizophrenia being a disorder of the synapse. Finally, we identified 14-3-3z as a novel binding partner of the schizophrenia susceptibility protein, DISC1, in developing neurons. Together, our study implicates 14-3-3z as a central mediator of neuronal development that has profound implications to the neurobiology of DISC1. This novel 14-3-3z/DISC1 axis is shown to be a central biological pathway in the pathophysiology of schizophrenia. Furthermore, our anatomical findings support the favoured notion of disease progression by suggesting that the cognitive defects associated with schizophrenia arise from both neurodevelopmental deficiencies and disturbances of the synapse. 51 To understand the neurobiology of schizophrenialike symptoms in 14-3-3z-deficient mice, we focused our studies on the morphological and anatomical development of the hippocampus, a brain region central to these behavioural and cognitive characteristics. Our study demonstrates that the laminar organization of the hippocampus is disrupted in 14-3-3z mutants, similar to those observed in mouse mutants of the 14-3-3z interacting proteins, LIS1 and Ndel1. 56, 57 Several of our observations suggest that this defect arises primarily from aberrant migration of hippocampal neurons from the subventricular zone to their usual resting place in the stratum pyramidale. First, 14-3-3z is expressed in post mitotic hippocampal neurons during their migration phase (Figure 2) . Second, NeuN staining detected mature neurons in both the deep and superficial zones of the stratum pyramidale during development (Figure 3) . Finally, BrdU birthdating showed that some postmitotic neurons failed to migrate away from their originating position or migrated past their target resting place (Figure 4 ). Similar migration defects have recently been identified in mice that are haploinsufficient for another 14-3-3 isoform (14-3-3e) that has an essential role in the human neuronal migration defect, Miller-Dieker Syndrome. 3 However, converse to the general migration defects seen in the Figure 6 Functional synaptic connection between ectopic cornu ammonis (CA)3 pyramidal cells and misrouted mossy fibres. (a) (i-iv) Hippocampal sections from P56 14-3-3z 062 þ / þ mice stained with antibodies to synaptophysin (Syp) show immunoreactivity in both the infrapyramidal mossy fibre (IPMF) (white arrowheads) and suprapyramidal mossy fibre (SPMF) (yellow arrowheads). Syp staining is located in both the stratum oriens (so) and stratum lucidum (sl), surrounding the pyramidal somata of CA3. (v-viii) Syp staining of hippocampal sections from 14-3-3z 062À/À mice reveals that the mossy fibres navigating abnormally within the stratum pyramidale of CA3 (asterisks, v, vii) form functional synapses. (ix-xii) Ectopic mature CA3 pyramidal cells (stained by NeuN; depicted with asterisks) communicate with the synaptic protein (Syp, green) from the misrouted mossy fibres. Scale bars = 100 mm. (b) Golgi stain reveals the dendritic arborization of the pyramidal cells of WT or 14-3-3z 062À/À adult mice (P35). A set of thorny excrescences, indicating the contact points with the misrouted mossy fibre synaptic boutons (MFB, bevelled line), is located on the apical proximal dendrites of CA3 pyramidal cells in WT neurons. Two sets of thorny excrescences are located on the apical dendritic tree in 14-3-3z 062À/À mice, one at the proximal apical dendrites and the other in the distal dendritic branches (*). (c) Schematic diagram depicts the misrouted mossy fibre trajectories and aberrant synaptic points of mossy fibre boutons communicating to the ectopic CA3 pyramidal cells in 14-3-3z 062À/À mice as compared with WT hippocampi. LIS1, Ndel1 or 14-3-3e mouse models, our histological and migration analysis of 14-3-3z mutant mice only uncovered laminar defects in the hippocampus and not other brain regions implicated in neuropsychiatric disorders (Supplementary Figure S8) . Our detailed phenotypic study also uncovered an essential and unexpected role of 14-3-3z in axonal guidance and synapse formation that, to the best of our knowledge, has not been seen before in previous schizophrenia mouse models. We found that the mossy fibre tract not only navigated amongst the pyramidal cell layer in CA3 ( Figure 5 ), but also formed additional large spine excrescences on distal apical dendrites in mutant mice ( Figure 6 ). Our anatomical findings suggest that CA3 pyramidal neurons received excessive glutamatergic synaptic input from the DG providing a molecular basis for the symptomotology seen in schizophrenia. In support of this notion, increased hippocampal synapse formation has recently been demonstrated in LIS1 haploinsufficient mice and in short hairpin RNA knock down studies of DISC1 in adult neurogenesis. 58, 59 A common finding among genetic association studies and schizophrenia interaction networks is the association of proteins involved in the centrosome/dynein motor complex. 19, 25 The dynein motor complex is essential for many neurodevelopmental processes, including nucleokinesis, dendritic arborization and axonal growth. 60 Thus, disturbances of this network represent a likely molecular basis underlying disease pathogenesis. 14-3-3z Has previously been shown to bind phosphorylated Ndel1, a protein essential for cell migration. 14-3-3z Is likely to maintain Ndel1 phosphorylation 3 and thereby promote Ndel1 binding to LIS1 and cytoplasmic dynein heavy chain that regulate nuclear movement (Figure 7c) . Indeed, the hippocampal neuronal migration defects in 14-3-3z mutants are reminiscent to those in LIS1-deficient 56 and Ndel1-deficient mice. 59 In this study, we have, identified an isoform-specific interaction between 14-3-3z and the 75 kDa isoform of DISC1. This finding strongly supports a role for DISC1 in neuronal migration and provides insight to a novel function for DISC1 in the neurodevelopment of mossy fibre guidance and glutamatergic synapse formation. While recent studies have proposed a role for DISC1 in mossy fibre navigation and synapse formation during adult neurogenesis, 61 a similar role in embryonic development has not yet been determined. Previous in vitro studies have shown that DISC1 binds Ndel1/LIS1 to promote their attachment to the kinesin motor that controls their relocation from the microtubule organizing centre to the growing axon where they are known to have a central role in axonal elongation. 52 By identifying that 14-3-3z co-immunoprecipitates with DISC1, our data suggest that 14-3-3z interacts with the tripartite DISC1/Ndel1/LIS1-complex to promote kinesin motor binding and relocation of Ndel1/LIS1 to growing axons (Figure 7c) . Cooperation of these factors in vivo awaits testing in appropriate animal models.
As DISC1 lacks high stringency 14-3-3z consensus binding motifs, we predict that its interaction with DISC1 is mediated through its ability to bind directly to Ndel1. Interestingly, our experiments identified an isoform-specific interaction between 14-3-3z and DISC1 that has functional significance. DISC1 is composed of two major isoforms of 75 and 100 kDa. While previous findings have shown that Ndel1 interacts predominantly with the 100 kDa isoform of DISC1, 62 our study found that 14-3-3z, and thereby Ndel1, specifically interacted with the 75 kDa form. To the best of our knowledge this is the first description of a specific interaction with the 75 kDa isoform, adding support to the notion of a biological distinction between the long and short isoforms. 63 Analysis of the biological outcome of these specific interactions will be critical to determine the function of DISC1 in neurodevelopment and disease pathology.
Schizophrenia is a complex mental disorder showing a high degree of non-Mendelian inheritance and is considered a prototypic complex trait. Indeed, the most widely accepted model of pathogenesis proposes that multiple synergistic deficiencies within the same biological network give rise to disease pathology. 64 Strong support of a causative effect of 14-3-3z deficiency in the pathogenesis of schizophrenia is our finding that 14-3-3z is present in the DISC1 biological network. Further support is derived from the recent finding that 14-3-3z is also represented as a central hub within the schizophrenia-specific interaction network. 64 Thus, deficiency, or perhaps alterations in 14-3-3z itself, may be expected to impact on many molecular pathways that increase risk to schizophrenia. Of particular note, children with 3 Mb deletions covering the 14-3-3z locus present with cognitive defects commonly associated with schizophrenia. 65 Our study therefore identifies 14-3-3z as a novel risk factor for the pathogenesis of schizophrenia warranting a careful investigation of the 14-3-3z genomic interval in patients with schizophrenia and related neuropsychiatric disorders.
